Introduction. Single-crystalline silicon is widely used in microelectronics to produce integrated circuits and is a non-direct-band semiconductor. Therefore, it is impractical for optoelectronics as a luminescent material. Doping silicon with erbium (Er) atoms is a promising way of creating instrument structures that emit in the communication range λ = 1.5-1.6 μm. Doping of Er + ions with subsequent high-temperature thermal annealing is the most common method of introducing rare-earth dopants into silicon. Silicon is additionally doped with oxygen ions in order to increase the solubility of Er in Si and to increase the luminescence intensity of the . The use of nanosecond laser action on doping of Si layers with Er has been little studied as an alternative to traditional thermal annealing [2] . This prompted an investigation of this phenomenon. Herein we report an in situ study of the dynamics of phase transitions (melting and crystallization) during irradiation of samples with nanosecond pulses of laser radiation and the diffusive redistribution of the dopant, the structural state, and the photoluminescence of the modified layers connected with these transitions.
Experimental. Single-crystalline wafers of n-type Si with the (100) orientation were doped at room temperature with Er + at energy E = 100 keV at doses in the range Φ = 10 15 -10 17 cm -2 . Individual Si crystals were also doped with oxygen ions (O + ) at energy E = 40 keV at the fixed dose Φ = 10 17 cm -2 . The width of the oxygen distribution profile at these ion energies was d ≈ 0.25 μm, the width of the erbium distribution was d ≈ 0.1 μm. Doped samples were subjected to pulsed laser treatment (PLT) in air. We used a ruby laser with a pulse length τ = 80 nsec and λ em = 0.69 μm. The optical path of the laser produced a highly homogeneous laser spot [3, 4] . The unevenness of the energy distribution of a single pulse in the spot was less than ±5%. The irradiation energy was reproducible from pulse to pulse with a deviation of less than ±1.5%. The energy density of the incident radiation was W = 2 J/cm The dynamics of laser-induced phase transitions during PLT were studied by detection of p-polarized probe radiation (λ = 1.06 μm) focused in a spot (≈1 mm) and directed at the sample at an angle of 40 that was reflected from the irradiated area. A sample of undoped Si was irradiated and the probe radiation reflection coefficient as a function of time was recorded for comparison.
The microstructure and phase composition of doped Si layers before and after PLT were studied by transmission electron microscopy (TEM) of samples prepared as planar cross sections on a Philips CM20 instrument. The distribution of Er atoms in Si before and after PLT was studied by Rutherford back-scattering using a beam of He ions at energy E = 2 MeV. Photoluminescence (PL) of samples was studied in the near-IR range (1.0-1.7 μm) at 77 K. The PL signal was produced by continuous irradiation with an Ar laser (λ = 514.5 nm) at power P = 200 mW. PL spectra were recorded using a BOMEM Fourier-spectrometer equipped with a cooled Ge radiation detector.
Results and Discussion. The sequence of laser-induced phase transitions can be seen in the dynamics of the reflectivity of doped Si subjected to PLT because the amorphous, crystalline, and liquid states of this material have different reflection coefficients. Figure 1 shows the active laser pulse and the reflectivity dynamics R of single-crystalline Si and Si doped with Er. The initial values of the reflectivity coefficient of p-polarized probe radiation at this angle of incidence were estimated at 30-40% depending on the sample type. For W = 2 J/cm 2 , the duration of crystal-melt phase transitions in starting Si was determined by the temporal instability τ = 200 nsec of the reflectivity coefficient R. The increase of R was due to Si melting; the plateau of R, reflection of probe radiation from the melted layer; a decrease of R, to the end of epitaxial crystallization (Fig. 1b) . For laser radiation with the same W on Si samples doped with Er at doses Φ = 10 15 and 10 16 cm -2 , the duration of the phase transitions changed very little. Si is known to become amorphous for Φ > 10 15 cm -2 . A discontinuity related to intermediate crystallization [5] was observed for the minimal Er dose (Fig. 1c) at the front of R growth as a result of the formation of a strongly overcooled Si melt at the reduced melting point (~200 K) of the amorphous phase. The discontinuity in the increase of R was practically invisible for Φ = 10 16 cm -2 ( Fig. 1d ). This may have been due to the rather high Er concentration (N ≈
) that decreased the melt overcooling. On going to the maximum dose (Φ = 10 17 cm -2 ), the function R(t) was qualitatively the same. The time τ increased to 300 nsec. Si began to melt slightly earlier. At first R increased smoothly to a maximum and then fell below the initial level due to the hardening of the melted layer. The earlier melting may have been due to the fact that amorphous precipitates of Er silicides, the melting points of which were lower than amorphous Si were formed during ion doping. At a dose Φ = 10 17 cm -2 , the Er atom concentration was N ≈ 10 22 cm -3 and approached that of Si atoms N ≈ 5⋅10 22 cm -3 . This corresponded to 20 at% Er. According to the phase diagram of the Er-Si system [6] , a metal-deficient Er disilicide (T melt ≈ 1200 o C) formed at this Er content. Precipitates of high-temperature silicides, e.g., ErSi with T melt = 1900 o C, also formed during doping. This led to a smooth increase of R. The increase the melt lifetime to 300 nsec could not have been related to segregation effects. A melt strongly enriched with Er was formed after the hardening was complete. This reduced the crystallization temperature and, therefore, increased the melt lifetime.
The action of the laser pulse on Si samples doped with Er and O typically gave a more complicated function R(t) (Fig. 2) . The presence of oxygen caused Si oxide to form. Er oxide also formed as the dose of doped Er + in- ) and O at a fixed dose (10 17 cm -2 )] had a substantial effect on the dynamics of the dynamics of laser-induced transitions and R(t). This can be seen by comparing oscillograms from samples with Er doping doses 10 15 cm -2 ( Fig. 2b and e) . In the first instance, the reflectivity decreased after reaching the maximum R to about the starting level and then decreased further (by ~2 times) after a slight increase when the melted layer was hardened. In the second instance, it decreased significantly after reaching the maximum compared with the starting value. The duration of the phase transitions in this instance was ≈100 nsec longer. The difference in the dynamics of R(t) can be seen from oscillograms for samples with Er doping doses Φ ≈ 10 16 cm -2 ( Fig. 2c and f) .
The melt formed by laser action on a Si:Er layer exhibited properties of a liquid metal with Er concentration from 0.2 at% (Φ = 10 15 cm -2 ) to 20 at% (10 17 cm -2 ). The reflectivity of the probe radiation from the sample when the thickness of the melted layer was greater than the thickness of the skin layer, the typical value of which was of the order of 10 nm, was determined by the optical parameters of just this melt. A system with layers having different optical properties was probably generated from the start and further development of phase transitions from the action of laser pulses on samples with a high Er and O atom concentrations (Φ = 10 17 cm -2 , which corresponded to bulk concentration N ≈ 10 22 cm -2 ). As a result, interference effects contributed to the dynamics of R(t) upon reflection of the probe radiation. Interference changing with time can explain the path of R(t) for the sample doped with Er + at dose Φ = 10 16 cm -2 upon laser irradiation (Fig. 2c) . The results for the reflectivity of the samples can be partially explained based on structural studies of the layers and the distribution of Er dopant along the depth profile. Figure 3 shows typical Rutherford back-scattering spectra for an unoriented beam of He ions that were measured on Si doped with Er and O before and after PLT. Vertical arrows indicate the energies of particles scattered on surface Si and Er atoms. Distribution profiles of Si (energy range 1.2-1.5 MeV) and Er (1.8-2.0 MeV) after ion doping of O and Er can be derived from curve 1. The profile of the Er distribution was almost Gaussian. This was consistent with a small effect on the path of Er ions from a starting Si matrix doped with O. The decrease in the Si spectrum at energy 1.4 MeV corresponded to the maximum distribution of Er atoms that was ≈50 nm according to the SRIM-2006 program [7] .
The Er redistributed as a result of the PLT (Fig. 3) . Part of the Er atoms migrated to the surface (a narrow peak of width ≈20 nm was observed in the concentration profile). The majority of the atoms diffused deep into the sample. The Rutherford back-scattering spectrum of Si showed a maximum at 1.4 MeV that was directly related to a minimum in the Er spectrum at 1.9 MeV. Part of the Er dopant migrated to the surface (segregated) because of the low solubility of Er in Si (~10 16 cm -3 ). The small width was a consequency of the high rate (~ 1 m/sec) of movement of the crystallization front during hardening of the Si melt when practically the whole dopant migrated as a thin subsurface layer up to 30 nm thick. The dopant concentration in the melt increased as the doping dose increased. The Si-Er melt composition approached the eutectic value. Spectrum 2 showed two peaks for the Er concentration. One near the surface was due to segregation phenomena; a second peak, to diffusion of Er into the sample. Diffusion into the material began to prevail over segregation onto the surface as the Er concentration increased. We observed similar redistribution of Fe in Si [8] during PLT. Rutherford back-scattering spectra for an oriented beam of He ions (not shown) indicated, firstly, that the width of the disordered Si region after Er and O doping was ≈0.2 μm, which was comparable with the width of the O distribution profile (≈180 nm) [7] ; secondly, that Er atoms after PLT were located in interstices in the Si lattice; and, thirdly, that PLT produced epitaxial crystallization of doped Si layers with a high concentration (~10 22 cm -3
) of Er and O.
The microstructure of the doped Si layers before and after PLT was investigated using TEM. According to the results, it typically had before PLT a continuous amorphous layer with embedded particles (Si and silicides of Er) of dimensions up to 30 nm without clear boundaries. The microdiffraction pattern of this layer gave strongly broadened rings from Si. The light-field TEM image of the doped Si layer after PLT (Fig. 4) indicated formation of the cellular structure typical for liquid epitaxy of highly supersaturated alloys. According to dark-field and diffraction measurements, this was single-crystalline cells (pillars) of Si of dimensions 40-80 nm directed toward the surface and separated by walls in which the Er dopant was primarily concentrated as single-crystalline ErSi 2 . The single-crystalline structure of Si and ErSi 2 in the cellular structure was inferred from point reflections on microdiffraction photographs and was confirmed by x-ray diffraction spectra, in which only one peak of ErSi 2 (101) was observed. A study of the microstructure of Si layers after PLT and additional thermal annealing at T = 800-900 o C showed that the cellular structure was thermally stable. . Measurements of PL in doped layers after PLT did not reveal any visible PL peaks in the range 1.0-1.7 μm that could result from an increased concentration of point defects formed as the result of rapid crystallization from the melt and acting as centers of radiationless recombination. Peaks with maxima at ≈0.81 and ≈1.10 eV that were due to transitions between Er 4 I 13/2 → 4 I 15/2 levels and edge luminescence of Siappeared in Pl spectra after brief thermal annealing (800 o C, 20 min) to remove these defects. Figure 5 shows PL spectra of a sample doped with the lowest Er dose (Φ = 10 15 cm -2 ). It can be seen that PLT with subsequent high-temperature annealing produced a much (up to five times) stronger PL peak from Er at ≈0.81 eV compared with ordinary thermal annealing. This difference is related to the fact that the layer converted to the crystalline state as a result of laser-induced melting and subsequent hardening of the doped layer whereas a polycrystalline layer with an increased number of defects was formed after ordinary thermal annealing. It was also established that the intensity of the Er peak decreased on increasing the Er dose from 10 16 cm -2 to 10 17 cm -2 whereas the intensity of the Si PL peak increased and became saturated. The weakening of the Er peak was related to its precipitation into optically inactive metallic Er slicides whereas the strengthening of the Si peak was due to formation of single-crystalline cellular structures (Fig. 4) . Thus, nanosecond laser action with subsequent high-temperature annealing increased the PL intensity, indicating that the crystalline structure of the doped layers was restored.
Conclusion. The dynamics of the action of nanopulse (80 nm, 2 J/cm 2 ) radiation from a ruby laser on samples of Si doped with Er and Si doped with Er and O was studied by optical probing. Features of the reflectivity dynamics of the various samples under conditions leading to laser-induced phase transitions that produced a new state of surface layers were established. It was shown that nanosecond laser action changes the distribution of doped Er. The dopant migrated to the surface at low doses as the result of a segregation effect whereas diffusion of Er + deep into the sample during PLT was observed at increased dopant doses and began to prevail over segregation. The Er PL peak intensity at 0.81 eV increased significantly after PLT and subsequent annealing of the doped samples when compared with samples subjected to only thermal annealing or only PLT. 
